Introduction
Structural integrity of skin depends on correct organization of a biological scaffold formed by intercommunicating macromolecules produced by cells of the epidermis and dermis.
These two major layers of skin are separated by the basement membrane within which a number of macromolecules bind with each other, thereby contributing to the stability of dermalepidermal junction [1] . To date a number of macromolecules forming the cutaneous basement membrane have been identified and characterized, and among them different laminins and collagen IV are most abundant. Laminin 5, consisting of α3β3γ2 chains is most prominent in the total laminin pool while laminin 6 (α3β1γ1) and laminin 10 (α5β1γ1) have been identified as minor components of the basement membrane zone (BMZ) 1 [2] [3] [4] .
A common characteristic of laminin 5 and collagen IV is their ability to self-assemble into homotypic networks. In addition, through binding and interlacing with other molecules these proteins become a part of complex heterotypic assemblies. For instance, laminin 5 interacts with the basal side of keratinocytes through binding to the α6β4 and α3β1 integrins, and it is linked to laminin 6 through a β3 chain/α3 chain cross link [5] [6] [7] . An additional link between laminin 5 and keratinocytes is formed by its binding to the extracellular domain of a transmembrane collagen XVII (for review see [8] ). The way in which laminin 5 connects with collagen IV within the lamina densa, a layer of the basement membrane facing the papillary dermis, is not fully understood, but it has been proposed that there is no direct connection between these two molecules. Even though laminin 5 does not bind to collagen IV directly it has been postulated that these molecules interact indirectly via the laminin 6/nidogen complex, which binds to collagen IV through interaction with nidogen, a 150-kDa glycoprotein [9] [10] [11] .
The way in which the basement membrane of stratified squamous epithelia, such as the skin, connects with underlying stroma is not fully understood. It has been demonstrated however, that collagen VII mediates formation of a critical basement membrane/stroma link (for review see [4, 5] ).
Collagen VII consists of a relatively large triple helical domain flanked by the N-terminal NC1 domain and the C-terminal NC2 domain [12] . Individual collagen VII molecules form antiparallel homodimers stabilized by disulfide bonds formed between the corresponding NC2 domains. After formation of disulfide bonds the collagen VII/collagen VII dimers assemble in a nonstaggered fashion into anchoring fibrils [13] [14] [15] . Microscopic analyses combined with 4 immunostaining techniques demonstrated that these fibrils form arcade-like structures, which embed themselves with the NC1 domains of both ends into the lamina densa [16, 17] . It is postulated that the arches of anchoring fibrils interlace with stromal collagen fibrils to form continuous dermal-epidermal architecture [4, 17] .
Fundamental for collagen VII to function as an anchoring molecule is the ability of its NC1 domain to bind to other structural molecules of the extracellular matrix. The binding interactions of the NC1 domain of collagen VII have been studied extensively. It has been demonstrated that the NC1 domain binds to laminin 5 and collagen IV in a site-specific fashion but results on its ability to interact with collagen I are controversial [18] [19] [20] . The binding interactions of the NC1 domain of collagen VII reported to date were analyzed indirectly by employing solid-state assays that require specific antibodies to detect an NC1-bound interactant, but the kinetics of binding and the binding affinities are not known. It has been shown that the laminin 5/NC1 binding is driven by the interaction between the β3 chain of laminin 5 and a fibronectin-like repeat sequence located within the NC1 domain of collagen VII, and that the site-specific NC1/collagen IV binding is attributed to the binding sites present within a noncollagenous domain of collagen IV (NC1-IV) [20] .
The critical role of collagen VII in stabilizing the structure of the BMZ is explicitly demonstrated by the fact that mutations in collagen VII found in patients with dystrophic epidermolysis bullosa, a heritable blistering disease, lead to pathological changes in the structure of the dermal-epidermal junction [21] [22] [23] [24] . Moreover, the structure of the BMZ is altered in patients with epidermolysis bullosa acquisita, a disease characterized by the presence of autoantibodies that specifically target the NC1 domain, thereby altering formation of the NC1-stabilized structures [25, 26] .
Here, we studied the mechanisms of the NC1 domain-mediated interaction of collagen VII with laminin 5 and collagen IV. Specifically, employing an optical biosensor we measured directly the binding of the NC1 domain or mini-collagen VII to collagen IV or laminin 5. Based on the binding kinetics we demonstrated that the NC1 domain has a relatively high affinity for laminin 5 and for collagen IV and that, most likely, the NC1 domain utilizes the same site for binding to laminin 5 and collagen IV. Our results therefore suggest that the NC1 domain of collagen VII stabilizes architecture of the basement membrane of skin through its high-affinity binding to laminin 5 and collagen IV.
Material and methods.
Proteins for the binding studies -Recombinant mini-procollagen VII (mProVII) consisting of the NC1 domain, a truncated triple-helical region, and the NC2 domain was purified from cell culture media as described [13] . To express recombinant NC1 domain of human collagen VII we employed a DNA fragment encompassing a 1-3870 bp 2 region of cDNA encoding human procollagen VII (a kind gift from Dr. Y. Gache, Universite de Nice-Sophia Antipolis, Nice, France). The 1-3870 DNA fragment, which encodes a 1290-amino acid region encompassing the entire NC1 domain and a 37-amino acid fragment of the triple-helical domain, was cloned into a mammalian expression vector (pcDNA3.1, Invitrogen, Inc.), and it was then expressed in HEK 293 (ATCC, CRL-1573) cells, as described [13, 20, 24] . The G418-resistant clones were selected and then, using the NC1-specific antibody, screened for secretion of the NC1 domain into cell culture media, as described [13, 24] . Subsequently, the NC1 domain was purified from cell culture media according to the method described for purification of the mProVII [13] . Structural integrity of the purified NC1 domain was analyzed by polyacrylamide gel electrophoresis.
Moreover, structural characteristics of rotary-shadowed NC1 domains were evaluated by transmission electron microscopy in the way described for visualization of the mProVII [13] .
Monomeric human collagen IV secreted by HT-1080 cells (ATCC, CCL-121) was purified from cell culture media by ion exchange chromatography according to procedures described [27, 28] . Human procollagen I secreted by the human dermal fibroblasts was isolated from cell culture media as described [29] ; purified rat laminin 5 was purchased from Chemicon International, Inc.
Biosensor assays of kinetics of the NC1-mediated binding interactions of collagen VII --To
analyze the NC1-mediated binding interactions between collagen VII and laminin 5 or collagen IV we employed the recombinant NC1 domain and the mProVII. Binding assays were carried out using an optical biosensor (Iasys; Affinity Sensors, UK) as described [24] . In brief, to domain, and between laminin 5 and collagen IV were also performed.
Cuvettes with immobilized acceptors were primed with PBST at 25°C for 10 min. A 100-µL sample containing free interactant dissolved in PBST was added to the cuvette, and then the association phase was recorded. Subsequently, the sample was removed, analyte-free PBST was added to the cuvette, and the dissociation phase was recorded. After each assay, the surface of the cuvette was regenerated by washing with 10 mM HCl, followed by equilibration with PBST.
During regeneration cycles attention was paid to complete removal of the surface-bound analyte, and the washing continued until a response equal to a baseline value was reached.
For binding assays, free interactants were added at concentrations ranging from 5 x 10 -9
M to 1 x 10 -8 M. Data from the biosensor were analyzed by the global fitting method described by Myszka and Morton [30] . For each assay, the association rate constants (k on ) and the dissociation rate constants (k off ) were obtained, and the equilibrium dissociation constants (
values were calculated from a ratio of k off /k on . Subsequently, the equilibrium association constant (K a ) values (termed here as the "affinity") were derived as the inverse of K d .
We also analyzed whether NC1-domains bind laminin 5 and collagen IV through the same or different binding sites. In these assays, the NC1 domain was covalently immobilized on a sensor, and then the NC1-coated surface was saturated with collagen IV. After reaching plateau, laminin 5 was added to the cuvette, and measurements of binding events were continued. Fig. 1 , the NC1 domain had a predicted molecular mass of 137 kDa [12] . Electrophoresis in nonreducing conditions revealed that some of the NC1 molecules formed homotypic complexes stabilized by the disulfide bonds ( Fig. 1) formed between the cysteine residues present within the NC1 domain [12] . Electron microscopy of the recombinant NC1 domains (Fig. 2) confirmed that they had a structure similar to that of the native NC1 domains seen in mProVII. Specifically, the NC1 domains had the length of about 50 nm and were characterized by the presence of a globular structure on one end, previously determined to represent the N terminus (Fig. 2) [12].
Results

Proteins for biosensor binding assays -As demonstrated in
Electrophoretic separation of procollagen I, laminin 5, collagen IV, and mProVII confirmed their expected structures, which were consistent with previous reports (Fig. 3) [27, 28, 31, 32]. As we reported earlier, collagen IV produced by HT-1080 cells was predominantly composed of the α1(IV) and α2(IV) chains [27, 28] . Based on the biosensor data fitted into a simple bimolecular interaction model (Fig. 4) collagen VII and laminin 5 or collagen IV is considered a reversible process (Fig. 4) . In the same experimental conditions there was no detectable NC1/NC1 or NC1/mPro VII binding (data not shown), thereby indicating low affinity between individual NC1 domains. There was no detectable binding of laminin 5 to collagen IV (Table 1) .
Binding interactions of the individual NC1 domains were corroborated by the binding assays of the mProVII (data not shown), which in addition to the NC1 domain includes a truncated triple-helical region and the NC2 domain [13, 24] . The affinities of the mProVII for laminin 5, collagen IV and collagen I were similar to the affinities of the NC1 domain for those proteins (Table 1 ). There were, however, differences between binding kinetics recorded for mProVII/laminin 5 and NC1/laminin 5 binding ( Table 1) .
The NC1-domain utilizes the same or closely located sites for binding of laminin 5 and collagen IV --As indicated in Fig. 5 , after saturating the surface-immobilized NC1 domains with collagen IV, there was no additional binding of laminin 5 to the NC1/collagen IV complex.
Because as we established earlier, there was no detectable binding between laminin 5 and the NC1 domain (Table 1) , such lack of the additional binding to the collagen IV-saturated NC1 domain could not be attributed to trapping of free laminin 5 by free collagen IV molecules present in solution. These data suggest that the binding of the NC1 domain to laminin 5 and collagen IV is mediated through either the same or a closely located binding site. To confirm the specificity of analyzed interactions, we examined the ability of BSA to bind to the NC1 and mProVII. The injection of BSA (not shown) onto surface-immobilized NC1 domain and mProVII did not exhibit the typical association or dissociation curves that were observed with laminin 5, collagen IV and collagen I.
Discussion
Noncovalent interactions between macromolecules are essential for the formation of supramolecular structures of biological scaffolds that shape the architecture of tissues and organs.
A macromolecular scaffold of skin is a complex structure formed by a number of molecules interacting with each other in a site-specific manner. One of the distinct morphological features of skin is that it is composed of two principal layers, namely the epidermis and dermis, separated by the basement membrane, a structure that serves as an attachment zone on which structural macromolecules produced by epidermal and dermal cells interact, thereby contributing to the formation of the complex dermal-epidermal junction [33] .
Collagen VII takes part in stabilizing the dermal-epidermal junction and this protein forms anchoring fibrils whose function is to provide a link between the basement membrane and stroma [1, 18] . It has been established that the NC1-mediated binding of anchoring fibrils to elements present within basement membrane and interlacing of those fibrils with stromal collagen fibrils composed predominantly of collagen I facilitates this link (Fig 6) [4] .
We studied the role of the NC1 domains of collagen VII in stabilizing the base membrane In the past, predictions have been made that the anchoring fibrils could form extended structures, so that the NC1 domains on end could be embedded into the lamina densa while the NC1 domains from the opposite end could be embedded in anchoring plaques, basement membrane-like structures within the dermis [34] . These anchoring plaques however, were later found to be a microscopic artifact (for review see [4] ). More recently, evidence for the existence of arch-like anchoring fibrils, rather than extended ones, embedded with both N termini into lamina densa was presented (Fig. 6) . Therefore, the relatively low affinities of the NC1 domain and mProVII for collagen I, as reported here, suggest that it is unlikely that the NC1 domains of collagen VII molecules play any significant role in connecting stromal collagen fibrils with the lamina densa through direct NC1/collagen I binding. To explain how anchoring fibrils interact with underlying stroma [16, 17] it has been proposed that some of the stromal collagen fibrils approach the lamina densa and interlace with arcade-like structures of anchoring fibrils (Fig. 6) (for review see [4] ). Such interlacing and the relatively low affinity of the NC1 for binding collagen I observed in our studies indicate that the role of collagen VII in stabilizing the dermalepidermal junction through its interaction with collagen fibrils has a "passive" character. In contrast, the higher affinity of the NC1 domain of collagen VII for binding of laminin 5 and collagen IV indicates its "active" role in stabilizing the basement membrane-dermal association.
Measurements of the binding of the NC1 domain to collagen I presented here support previous reports by Chen et al. [20] who showed the NC1/collagen I interaction in solid-state binding assays in which an anti-NC1 antibody was used to detect the NC1/collagen I complexes.
Our binding data also shed light on the mechanism of assembly of anchoring fibrils. The lack of detectable NC1/NC1 interaction described here and a relatively high mProVII/mPro VII affinity on the order of 10 8 M -1 reported earlier [24] , indicate that the lateral assembly of collagen VII/collagen VII dimers during formation of anchoring fibrils is not likely to be driven by the NC1/NC1 interaction but rather by interactions between other domains..
Employing biosensor binding assays we also demonstrated that the collagen IV binding site within the NC1 domain is the same or is positioned closely to that for binding laminin 5. In previous reports the laminin 5-binding site in the NC1 domain of collagen VII was mapped to be located within the fibronectin III-like repeats [19] . Consequently, we propose that it is likely that the NC1/collagen IV binding could involve the same domain. A similar multifunctionality of the binding domain was identified in cartilage oligomeric matrix protein by Holden et al. [35] who showed that this protein utilizes the same site for binding to collagen II and collagen IX. Visualization of the rotary shadowed NC1 domain and the mProVII by transmission electron microscopy. Upper panel: some of the NC1 domains seem to be connected at one end, most likely due to formation of a disulfide bond (see Fig. 1 ). Lower panel: mProVII molecule is characterized by the presence of the NC1 domain, a truncated triple-helical region, and the NC2 domain. Symbols: NC1 and NC2, the N-terminal and C-terminal noncollagenous domains of collagen VII, respectively; TH, truncated triple-helical region of procollagen VII [13] . Bar = 100 nm.
Figure 3.
Electrophoretic analysis of proteins used in the biosensor binding assays (see Fig. 4 ).
Electrophoretic separation of procollagen I (P-I), laminin 5 (L-5), collagen IV (C-IV), and mProVII (C-VII) confirms their correct overall structure. Symbols: Pro-α1(I) and Pro-α2(I), pro-α1 and pro-α2 chains of procollagen I; α3, β3, and γ2, chains of laminin 5; α(IV), co-migrating α1 and α2 chains of collagen IV; mPro-α1(VII), α1 chain of mini procollagen VII. Molecular mass markers are indicated in the left lane. 
